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ABSTRACT: The recent increase in cardiovascular and
metabolic disease in the Navajo population residing close to
the Grants Mining District (GMD) in New Mexico is
suggested to be due to exposure to environmental
contaminants, in particular uranium in respirable dusts.
However, the chemistry of uranium-containing-dust dissolu-
tion in lung fluids and the role of mineralogy are poorly
understood, as is their impact on toxic effects. The current
study is focused on the dissolution of respirable-sized U-
containing-dust, collected from several sites near Jackpile and
St. Anthony mines in the GMD, in two simulated lung fluids
(SLFs): Gamble’s solution (GS) and Artificial Lysosomal
Fluid (ALF). We observe that the respirable dust includes
uranium minerals that yield the uranyl cation, UO2

2+, as the primary dissolved species in these fluids. Dust rich in uraninite and
carnotite is more soluble in GS, which mimics interstitial conditions of the lungs. In contrast, dust with low uraninite and high
kaolinite is more soluble in ALF, which simulates the alveolar macrophage environment during phagocytosis. Moreover,
geochemical modeling, performed using PHREEQC, is in good agreement with our experimental results. Thus, the current
study highlights the importance of site-specific toxicological assessments across mining districts with the focus on their
mineralogical differences.

■ INTRODUCTION

Uranium is a naturally occurring element of which labile
concentrations can increase due to human activities (e.g.,
mining).1 This fairly abundant heavy metal is chemically toxic
(LD50 = 14 mg/kg; the lethal dose of uranium for 50% of an
administered population) and can present radiological-toxicity
depending on its isotopic composition and exposure route.1,2

However, considerable damage from the chemical toxicity of
uranium, independent of its radioactivity, has been reported.
During exposure to depleted uranium, uranyl cation (UO2

2+)
binds to DNA in mammalian cells, forming a uranium−DNA
(U-DNA) adduct that could cause mutations, thereby
triggering a range of protein synthesis errors, some of which
may lead to various cancers.3−6 A study on rat epithelial cells
showed that uranium may induce significant oxidative stress
and a concomitant decrease in antioxidative potential of lung
tissues.4,7 Another study discusses the death of macrophages
when exposed to UO2

2+.8 While these studies were conducted
with aqueous phase uranium, others have suggested that
insoluble uranium oxide particles (e.g., UO2) may cause

breakdown of DNA double strands in broncho-alveolar lavage
cells.4,9,10

Human exposure of uranium is suggested to primarily occur
through inhalation.1 Airborne particulate matter (PM) with a
complex chemical composition becomes more inhalable as
particle size decreases. The finer fraction of these particles can
penetrate deeper into the respiratory tract, where they can be
difficult to remove by the body’s defense mechanisms. Particles
smaller than 4 μm (PM4) can deposit in the alveolar region of
human lungs, becoming trapped in two compartments: the
neutral extracellular environment in the interstitium of the
lungs and the acidic environment in alveolar macrophages.11,12

More details about related lung fluids is discussed in the
Supporting Information. Usually, the particles reaching the
lower lungs are consumed by macrophages (phagocytized),
which then move onto the mucociliary escalator for
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elimination.13 However, if they are dissolved due to the
complexation with biological components in the lung fluids
before being phagocytized, then these interactions can be
detrimental to alveolar macrophages, leaving the immune
system weak.11,12,14−18 To date, however, heavy metal
exposure via dust inhalation and resulting health conditions
have not been studied in relation to their source material. The
mineralogy of the host deposit and the mineral species of
uranium particular to that ore may, for instance, influence the
consequences of inhalation. Instead, studies so far are more
generalized and have primarily focused on the toxicity of
uranium already in aqueous phase.1,3This research reports on
the variability in the leaching behavior of uranium from
inhalable uranium-bearing dusts focusing on the mineralogy of
uranium and major non-uranium minerals present in the dust.
In recent decades, a notable increase in cardiovascular and
metabolic diseases in the Navajo population residing close to
the Grants Mining District (GMD), New Mexico, has been
observed, with only limited inquiry into possible contributions
from environmental contaminants, in particular uranium and
vanadium.19 Our studies were carried out with aeolian
transported dust collected near two uranium mines in the
GMD to understand the mechanisms of uranium leaching in
human lungs with the focus on dust mineralogy. The fate of
uranium in dust and sediments, collected in the GMD has
investigated, using two simulated lung fluids (SLFs): Gamble’s
solution (GS), which mimics the interstitial conditions, and
artificial lysosomal fluid (ALF), which mimics the intracellular
conditions in the alveolar macrophages during phagocytosis.20

In addition to laboratory simulations, PHREEQC 3.3.8, a
geochemical modeling software program, was used to further
investigate the effect of mineralogy on the dissolution of
uranium in these SLFs.
By the combined results of laboratory studies of collected

dust samples and computational−geochemical studies, we
report that the mineralogy of uranium-bearing dust impacts the
extent of the dissolution of uranium, before being phagocytized
and during the phagocytosis, possibly leading to different
toxicological fates. Thus, here we discuss leaching of uranium
under these two lung conditions with respect to composition
of the source material, leading to a better understanding of the
mechanisms behind the cardiovascular diseases.

■ MATERIALS AND METHODS

Dust Sample Collection. The dust and sediment samples
were collected from five sites near Jackpile and St. Anthony
mines at close proximity (within a ∼1.6 km radius) to
communities in the GMD, New Mexico, during the summer of
2017 using passive dust collectors (Big Spring Number Eight
dust flux samplers) at 1.5 m height from the surface (one dust
sample from each site). Samples from Sites A, C, E, and G of
Jackpile and St. Anthony mines were collected at locations with
latitude and longitude of (35.8225, −107.2012), (35.7417,
−107.1922), (35.8459, −107.1925), (35.8194, −107.1847),
and (35.1562, −107.2940), respectively. All samples were
sieved through a 500 μm US standard sieve to remove organic
debris from the plants prior to dissolution studies in SLFs.
Samples were used as in dissolution studies, without further
size fractionation. More information is provided in the
Supporting Information.

Standards and Chemicals. All chemicals were reagent
grade or better and were used as received. A standard sample
of U3O8 from National Bureau of Standards (Assay 99.9%) was
used as a model system in the studies. All the solutions were
prepared in purified water (18.2 MΩ, Milli-Q-A10). The
chemicals are listed along with SLF compositions in the
Supporting Information.

Characterization of Dust Samples. Surface areas of
samples were measured in a seven-point N2-Brunauer−
Emmet−Teller (BET) isotherm using a Quantachrome
Autosorb-1 surface area analyzer. Particle sizes were calculated
using ImageJ software package, and scanning electron
microscope (SEM) images of the samples were collected
using a NOVA-Nano-SEM-450. Major, minor, and trace
elements were quantified using inductively coupled plasma-
mass spectroscopy (ICP-MS, Agilent 7900) following the EPA-
3052b digestion method.21 X-ray diffraction (XRD) analyses of
dust samples were performed in a Pananalytical X’Pert Pro
diffractometer equipped with a copper source. The samples
were preconcentrated prior to XRD analysis. Detailed
procedures of characterization are given in the Supporting
Information.

Dissolution of Uranium in Simulated Lung Fluids
(SLFs). Dissolution studies were carried out to measure total
dissolved uranium concentration (TDU) using custom-built
glass reactors inside a dark room. The reaction vessel had a

Figure 1. Dissolution of uranium (TDU) as a function of time from U3O8 standard in the two simulated lung fluids. The data are (a) mass
normalized and (b) surface area normalized and fitted to Langmuir type model and presented with a log scaled Y axis. The Langmuir type model is
explained in the Supporting Information.
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suspension capacity of 100 mL with a removable airtight top.
The particle loading was ∼0.2 g L−1 of the dust in SLF. Prior to
dissolution experiments, the SLF solutions were purged with
oxygen gas at 5 sccm for 5 min to obtain an oxidized
atmosphere. The glass reactors were equipped with a
temperature probe and a standardized pH electrode to
measure those parameters throughout the experiments. A
water jacket maintained a constant temperature of 37 °C.
During the experiment, the sample suspension was agitated
constantly using a magnetic stirrer. Sample aliquots were
periodically extracted from the reactor using a disposable
syringe connected to 12 cm of Teflon tubing and were filtered
through 0.2 μm filters, prior to ICP-MS analysis, to avoid any
solid carry-overs. All the dissolution studies were triplicated.
The mean TDUs with one standard deviation of mean are
reported.
Geochemical Modeling. PHREEQC 3.3.8 with a

modified MINTEQ database was employed in geochemical
modeling.22 Maximum dissolved uranium concentration at
equilibrium in an oxidized atmosphere in the two SLFs was
calculated for identified uranium minerals as well as for
identified total site mineralogy. For individual uranium
minerals, an excess of the mineral in 100 mL of the lung

fluid in oxidized conditions at 37 °C was considered. For
simulations with the site mineralogy, molar ratios of minerals
were selected on the basis of the XRD peak intensities. The
SLF input files are provided in the Supporting Information.

■ RESULTS AND DISCUSSION
Uranium octoxide (U3O8), a highly stable major component in
yellowcake and a prominent transportation and disposal
species for uranium, was used as a model system. The material
has not previously been studied in these two SLFs.23−26 The
specific surface area of U3O8 sample was 0.46 ± 0.035 m2 g−1.
Figure 1 shows a comparison of TDU of U3O8 in the two
SLFs, GS vs ALF. These data have been normalized to both
total mass (Figure 1a) and surface area (Figure 1b) of the
initial U3O8. The dissolution of U3O8 was much lower in GS
than in ALF, suggesting a slight dissolution in interstitial lung
environment, whereas in acidic conditions of the macrophages,
simulated using ALF, U3O8 dissolves extensively. After 24 h,
16.2% and 0.7% of U3O8 dissolved in ALF and GS,
respectively, indicating ∼23-fold higher dissolution capacity
in ALF. Uranium minerals are known to complex with various
solution phase anions such as carbonates, phosphates, sulfates,
chlorides, and vanadates.27−29 The higher uranium dissolution

Figure 2. Dissolution of total uranium (TDU) as a function of time from the five sites A, C, E, and G and St. Anthony in the two SLFs as a function
of time. (a) Normalized to surface area. (b) Normalized to both surface area and total %U. Data are fitted to the Langmuir type model and
presented with a log scaled Y axis.

Table 1. Identified Minerals of the Dust Samplesa

sample formula OSb of U St. Ant. site A site C site E site G

quartz SiO2 N/A √ √ √ √ √
dolomite CaCO3·MgCO3 N/A √ √ √ √ √
microcline K(AlSi3O8) N/A − √ √ √ √
kaolinite Al2Si2O5(OH)4 N/A √ √ − − √
calcite CaCO3 N/A − − √ √ √
rutile TiO2 N/A √ − − − −
uraninite UO2 +4 √ − √ √ √
coffinite USiO4·xH2O +4 √ − √ √ √
andersonite Na2Ca(UO2)(CO3)3·6H2O +6 − − √ √ √
torbernite Cu(UO2)2(PO4)2·8−12H2O +6 − √ − √ √
tyuyamunite CaO·2UO3·V2O5·nH2O +6 − − − − √
carnotite K2O·2UO3·V2O5·nH2O +6 − − √ √ −
uranophane Ca(UO2)2(HSiO4)2·5H2O +6 √ − − − −
schoephite (UO2)8O2(OH)12·12H2O +6 √ − − − −
autunite Ca(UO2)2(PO4)2·10−12H2O +6 √ √ √ √ √

a√ = presence was confirmed. b*OS = oxidation state.
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in ALF may have been promoted by the larger quantity and
variety of ligands and the lower pH.
Here, we present five natural dust samples, which vary by

chemical composition and mineralogy, to illustrate the
dissolution of inhaled U-containing-dust in lung fluids and
the affect of the nonuranium-containing minerals present
(Figure 2). The particle sizes of the dust samples, determined
using SEM images, varied from ∼0.1 to 25 μm with a PM10
fraction of ∼91% and PM4 fraction of ∼65%, indicating the
possibility of the majority of particles reaching the alveolar
region of human lungs. Therefore, the dust samples are used in
dissolution studies without further size fractionation. Some of
the bigger inhaled particles may be entered to the gastro-
intestinal tract (GI) by the clearance of mucociliary escalator.
Although that is a primary exposure route, it was not
considered in this study as the majority of particles may
reach the alveolar region due to rather smaller particle size.11,12

More details on size distributions can be found in Figure S4
and Table S2 in the Supporting Information.
The surface areas of dust samples A, C, E, and G and the

sediment sample St. Anthony were 2.10 ± 0.09, 0.77 ± 0.14,
14.5 ± 1.02, 1.77 ± 0.59, and 1.61 ± 0.08 m2 g−1, respectively.
The %U of the dust samples were, respectively, 0.23%, 0.14%,
0.18%, 0.23%, and 0.87% for sites A, C, E, and G and St.
Anthony.
The mineralogy of the dust samples from XRD analysis is

summarized in Table 1 and is in good agreement with
mineralogy of the area.30 These data suggest that all the
samples were rich with quartz and dolomite, whereas
microcline, kaolinite, and calcite were present in only some
of the samples. Only the St. Anthony sample contained rutile.
All the samples were confirmed to contain autunite, and all of
them except site A contained uraninite and coffinite.
The amount of uranium dissolved in the SLF solutions

varied considerably among these samples (Figure 2a,b).
Dissolution data presented in Figure 2a are normalized to
their respective surface areas, and thus any differences in
dissolution are due to factors that go beyond surface area
effects. The average rate of uranium dissolution during the first
3 h and the percent uranium dissolved at the end of the 24th
hour are given in Table S4. Samples from site C showed the
highest dissolution among all the samples in both GS and ALF,
at least 10-fold higher compared to the next in order, and thus
fall under the high dissolution regime of TDU (Figure 2a).
Samples from sites A and E produced the lowest dissolved
uranium while samples from sites G and St. Anthony showed
moderate dissolution in both SLFs.
Since these differences in TDU could arise from differences

in total uranium among the solid samples, the data were
normalized to their percentage U (Figure 2b). Clearly, while
the site C sample stands out with the highest extent of TDU,
site G and St. Anthony samples have moderate dissolution.
Sites E and A samples have the lowest extent of TDU,
suggesting that there are factors governing U-containing-dust
dissolution in lung fluids other than surface area and amount of
uranium. Source mineralogy, extent of weathering, and/or
surface modifications during transport play a vital role in
enhancing uranium dissolution.27−29,31 For instance, site C is
located immediately downwind of the mine; the source region
has undergone weathering with the involvement of hydro-
logical processes (Figure S1). However, sites E and A that are
located within the backfilled pit and on the nearby mesa show
lower extent of dissolution.

While samples from the five sites have different extents of
dissolution, more uranium was dissolved from samples of sites
C and E in GS than in ALF. This indicates that particle
properties related to sites C and E favor higher TDU in
conditions similar to interstitium in the deep lungs than in
conditions found in alveolar macrophages during phagocytosis.
The TDU in the site C sample was ∼1.5-fold more soluble in
GS (11%) than in ALF (8%) after 24 h of the process (Figure
2 and Table S4). Similarly, site E sample showed ∼1.7-fold
higher solubility in GS (0.3%) compared to that in ALF
(0.2%). In contrast, samples of sites A and G and St. Anthony
showed higher TDU in ALF than in GS, comparable to the
dissolution trends observed for U3O8. Sites A and G and St.
Anthony samples were ∼1.2, ∼1.6, and ∼2.6-fold more soluble
in ALF than in GS, respectively. The mineral dissolution in
fluids is primarily driven by surface complexation, by either
ligand-controlled or proton-promoted mechanisms in which
complexation is highly dependent on the particle mineral-
ogy.32−35 As U(IV) is comparatively insoluble, the sparingly
soluble mineral uraninite (UO2) is a major uranium precipitate
in nature.29 In contrast to U(IV), U(VI) containing minerals
are more soluble and its solubility increases in the presence of
carbonates at a pH above 5.5.27 Varying environmental
conditions influence the oxidation state of uranium, and
thus, the uranium minerals formed. In addition to carbonates,
as mentioned earlier, other important ligands such as
phosphate, sulfate, or vanadate either from the dusts or from
the body fluid can affect the dissolution of uranium minerals.
Thus, the TDU differences in the two SLFs likely arise from
the mineralogical differences in the dust itself.
A geochemical modeling, carried out as a comparative study

with above minerals identified. These results are provided in
the Supporting Information (Table S5−S8). The uranium
dissolutions, modeled introducing one mineral at a time,
suggested that autunite, carnotite, tyuyamunite, and uraninite
were more soluble in GS than in ALF, with TDU in GS/ALF
ratios of 1.58, 16.11, 17.79, and 1.01, respectively. The
minerals schoepite, torbernite, coffinite, and uranophane were
more soluble in ALF than in GS, with TDU in GS/ALF ratios
of 0.58, 0.26, 0.95, and 0.26, respectively. Total uranium
dissolution, modeled as a multimineral assemblage with
identified site-specific minerals (Table S8), further confirmed
higher dissolution of uranium minerals in GS than in ALF for
sites C and E, whereas others were simulated to have higher
dissolution in ALF than in GS. Collectively, these results
suggest that the types and quantities of minerals present
control uranium dissolution. For instance, carnotite, which is
present in sites C and E, may enhance the dissolution in GS.
Further, the dissolution of autunite may have controlled by the
other minerals, suggesting possible common ion effects.
According to modeled output combined with experimental
data, there was no dissolution of autunite in ALF in sites A, C,
and E, while its dissolution is very low in St. Anthony (∼0.02%
of the initial amount). However, autunite dissolves ∼16% of its
initial mass in site G. In GS, the dissolution of autunite is ∼4%,
100%, and 10% of its initial mass in sites A, C, and E while no
dissolution for the sites St. Anthony and G. Therefore, it is
apparent that the dissolution of uranium containing minerals in
the lung fluids is controlled by the total mineralogy of the site.
It is not clear why certain uranium minerals dissolve more in
GS than in ALF. However, the oxidation state of U in these
minerals is either IV or VI and that may influence surface-
mediated redox reactions. Other metal ions (i.e., Ca2+, K+,
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V(V)) and anions (i.e., vanadate, silicate, or phosphate) in the
mineral lattice may also play a role in surface-complexation and
ligand-controlled dissolution. Additionally, depending on the
amount of basic minerals (i.e., calcite, dolomite) in the dust,
the pH of the lung fluids may slightly vary leading to some
variations in uranium dissolution. The solution pH was
monitored in the current study and reported in Figure S5 in
the Supporting Information. In GS, the pH increased by ∼0.2
units during the 24 h period whereas no significant change
observed in the ALF. However, there was no significant
variation (p > 0.05) in the postdissolution pH among the
different dust samples, in both ALF and GS, indicating little or
no influence on the observed variations in the uranium
dissolution. Further research is suggested to understand the
driving mechanisms behind mineralogy-driven differences in
uranium dissolution.
The primary dissolved uranium species in the SLFs was

confirmed as uranyl cation, UO2
2+, using the uranyl−

curcumin−Triton-X system at pH 4 with colorimetric
analysis.36 Experimental details and results are provided in
the Supporting Information. Moreover, the consistency of
mineralogy-driven differences in uranium dissolution through-
out the seasons was verified with a second batch of dust,
collected during winter of 2017 (Figure S7).
In summary, for the first time, we investigated the

dissolution of respirable uranium from a variety of mineral
dust particles using two SLFs that mimic two different
physiological conditions. Our results suggest that uranium-
bearing dust can be dissolved in interstitial lung fluids and/or
during phagocytosis, with the potential of mobile uranium
compounds (primarily UO2

2+) entering the bloodstream. The
mineralogy of the source material appears to unequally
influence uranium dissolution in the two different lung
conditions; uranyl vanadate minerals such as carnotite and
tyuyamunite, as well as uraninite and autunite, are shown to be
more soluble in interstitial conditions. However, minerals such
as torbernite, schoepite, coffinite, and uranophane are more
soluble in a simulated alveolar macrophage environment. The
extent of uranium dissolution in the two different lung fluids
heavily depends on the total mineralogy of the dust itself,
suggesting the strong common ion effects. In particular, the
amount of uraninite has shown to increase the dissolution in
the interstitial conditions of the deep lungs. This suggests that
the toxicological assessments on these mining lands should be
site-specific rather than applied generally. Depending on the
particle mineralogy, in certain sites more uranium can be
dissolved in interstitial fluids and/or alveolar macrophages,
primarily forming potentially toxic UO2

2+.3−6 Overall, dust
inhalation followed by dissolution may cause adverse toxic
effects due to the compositional changes (i.e., pH, speciation,
and ionic strength) in the lungs. Therefore, understanding the
behavior of inhaled U-containing-dust in these mining areas
with the specific focus on site mineralogy is vitally important.
The knowledge from the current study may lead to further
research in understanding the radiation-independent toxicity of
uranium as it relates to the mineralogy of the inhaled dusts.
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